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METHOD FOR CONTROLLING THE FIRING
OF CERAMICS

This application claims the benefit of U.S. Provisional
Application No. 60/184,106, filed Feb. 22, 2000, entitled
“METHOD FOR CONTROLLING THE FIRING OF
CERAMICS”, by Gheorghiu et al.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The 1nvention relates to method for manufacturing
ceramic materials. In particular, this invention relates to a
method for firing ceramics involving separately measuring
the interior and surface temperatures and controlling the
heating rate of the ceramic material 1n response to the
measured difference.

2. Discussion of the Related Art

Conventional heating used i1n the manufacturing of
ceramic materials typically comprises gas firing or electric
resistance heating. Utilization of conventional radiative/

convective heating typically results 1n a temperature ditfer-
ential within the ceramic body, due to the fact that heat is
applied only to the surface and it relies mainly on thermal
conductivity of the ceramic body, typically poor, to effect the
temperature beneath the surface and into the interior of the
piece. In other words, conventional heating involves heat
transfer that 1s predominantly achieved by radiation or
convection to the surface followed by conduction from the
surface 1nto the interior of the ceramic body. If a core-
surface temperature differential develops that i1s too great,
cracking and distortion of the ceramic body can occur. Fast
firing further exacerbates this problem of poor heat transfer,
and ultimately cracking. Additionally, the presence of a
core-surface temperature gradient can also result in uneven
sintering, specifically surface sintering prior to, and at a
faster rate than, interior sintering. As a result, the ceramic
body may exhibit non-uniform properties.

Conventional control of the heating used 1 the manufac-
turing of ceramic materials typically involved controlling
the quantities of heat generated in, or transferred to, the
ceramic body by measuring the ambient temperature within
an enclosure containing the ceramic body. Based on, and 1n
response to, this ambient temperature measurement, the heat
transferred to the ceramic body, 1s controlled by use of any
one ol the following heating types: passive or forced
convection, and/or conduction. Similarly, radiation heating
such as microwave heating, though resulting in the heat
being generated within the ceramic body, also mvolves the
use of ambient temperature-based control of the heating.
This ambient temperature-based control method of heating
the ceramic body, though standard 1n the ceramic industry,
suiffers from a number of shortcomings including the fol-
lowing: (1) the mixing of kiln gases may not be uniform
enough to accurately predict the ceramic body surface
temperatures, thus reducing the effectiveness of the method,;
(2), many of the chemical reactions that occur within the
ceramic body take place at temperatures low enough that
ambient gas radiant heat transfer 1s not a primary means of
heat transfer to the ceramic body and to the inside surfaces
of the kiln where the kiln ambient temperatures are mea-
sured; and, (3) control of the temperature in the kiln space
and not control of the temperature of the actual piece does
not provide a means for indirectly measuring the stresses
exhibited by the ceramic body being heated.

SUMMARY OF THE INVENTION

Accordingly 1t 1s an object of this mnvention to provide a
method of, efficiently and effectively controlling the heat
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energy uftilized in the heating of ceramics that overcomes the
shortcomings of the aforementioned conventional methods
of controlling the heating and/or sintering of ceramics.

The firing method of present invention comprises placing,
the ceramic material 1n a heating apparatus and subjecting
the ceramic material to an amount of heat energy that results
in the ceramic article exhibiting a ceramic body core
temperature, T -, a ceramic body surface temperature T, and
surface-core temperature differential that 1s less than or
equal to a predetermined maximum temperature differential
setpoint. Preferably, the method furthermore involves con-
tinuously measuring the ceramic body core temperature, T,
and the surface temperature T, calculating the measured
surface-core differential and adjusting the heat 1n response to
the difference between the measured surface-core differen-
tial and the predetermined maximum surface-core differen-
fial setpoint.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s a block diagram of an apparatus illustrating the
basic system for sintering a ceramic article according the
inventive firing method described herein.

FIG. 2 1s graph 1llustrating time-temperature profiles, of
measured core and surface temperatures for both the inven-
five and conventional firing methods, as measured during
exothermic binder burnout period of a cordierite ceramic;

FIG. 3 1s graph 1llustrating time-temperature profiles, of
measured core and surface temperatures for both the inven-
tive and conventional firing methods, as measured during a
endothermic raw material decomposition phase of a cordi-
erite ceramic.

DETAILED DESCRIPTION OF THE
INVENTION

Referring to FIG. 1, shown 1s a basic system for heating
ceramic materials according to the method described herein.
This system comprises a heating unit or kiln 10, comprising
a thermally insulated wall 12, within which 1s located a
ceramic article 14 to be sintered. The system 1ncludes a heat
source/controller 20 for continuously adjusting the heat
within the thermally 1nsulated enclosure. It 1s contemplated
that the heat source can comprise, convective, conductive or
radiant heat, including, but not limited to, electric resistance,
microwave, gas heating, or a combination of these.

A temperature measurement system 22 capable of mea-
suring both the ceramic article’s surface temperature and the
temperature proximate the center of the ceramic article, 1.e.,
the core temperature, 1s coupled to a control unit 24, that
independently controls the heat source/controller 20. This
control unit preferably comprises a combination of a pro-
grammable logic controller (PLC) 26 and a personal com-
puter (PC 28). The temperature measurement system 22
comprises any appropriate temperature sensors (not shown)
capable of measuring both surface and core temperature of
the ceramic article. The term core as used throughout refers
the 1nterior portion of the ceramic article at or near the center
of the particular ceramic article, however the core tempera-
ture can be measured at any position 1n the interior of the
ceramic article that accurately reflects the temperature of the
core. Suitable sensors include, for example, a pyrometer (or
other thermographic device), a sheathed or unsheathed
thermocouple, light pipe or black body probe.

In operation, the ceramic material 1s subjected to an
amount of heat energy by subjecting the ceramic article to an
amount of heat. It 1s contemplated that the ceramic article
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could be subject to a combination of heat sources; the
combination utilized could include an active means to
provide heat mto the product interior, such as microwave
energy or forced convection through a cellular product, and
a heating means that directly transfers that heat to the outside
surface of the ceramic article, such as gas or electric
resistance heat. The amount of heat 1s such that the ceramic
article 1s heated according to the minimum-temperature
profile while still exhibiting an acceptable temperature or
thermal differential. In other words, this acceptable tempera-
ture differential and associated setpoints and resultant time-
temperature profile 1s determined so as to heat the ceramic
article through its sintering temperature mm a manner that
results 1n the production of a ceramic article that, exhibits
the required characteristics of the ceramic material;
specifically, a crack-free, undistorted ceramic article exhib-
iting essentially uniform properties. Utilization of this time-
temperature proiile and acceptable temperature differential,
1s best suited for use during those temperature ranges during
which the ceramic body exhibits either exothermic or endot-
hermic reactions and/or large dimensional change. Although
this method 1s most suitable for these aforementioned firing
temperature ranges, 1t can be used during any firing tem-
perature range, except for those times where the time-
temperature 1s specified; €.g. an extended temperature hold
at a specific temperature.

Specifically, the surface and core temperatures may be as
far apart, temperature-wise, as to result in the maximum
temperature differential that the ceramic article can with-
stand; 1.e., an acceptable temperature differential between
the surface and core temperatures. An acceptable tempera-
ture differential 1s one that results in a fired ceramic product
that exhibits substantially uniform properties and 1s substan-
fially crack and distortion free. The acceptable temperature
differential varies from ceramic material to ceramic material
and varies throughout the firing cycle for a given ceramic
body and 1s a function of various mechanical properties such
as strength, shrinkage, elastic properties, thermal properties,
the rate of product dimensional change, as well as the shape
the ceramic article exhibits. More particularly, for a given
material the acceptable temperature differential 1s less dur-
ing periods where the ceramic body 1s subject to high stress.
High stress typically occurs during those periods where the
ceramic body 1s undergoing exothermic, endothermic reac-
fions and large dimensional changes; during these times the
ceramic body 1s typically subject to a large temperature
differential that has a dimensional change associated with
them.

Based on the above temperature differential
characteristics, 1t 1s contemplated that the method of control
1s designed whereby the maximum surface-core temperature
differential and associated setpoints for any given time 1s
programmed 1nto the PLC, so as to provide for the following,
condition—the core and surface temperatures maintained
are within the acceptable temperature differential setpoint of
the ceramic article to be sintered during each stage of the
firing process. Additionally, 1t should be noted that the
temperature differential programmed should be specified to
provide a safety margin to account for pre-existing flaws or
stresses 1n the green body.

It should be noted that the acceptable temperature differ-
ential should take mto account the general temperature
uniformity within the kiln as a function of the ceramic
article’s location 1n the kiln. Burners, heating elements and
the type of energy source may effect the overall temperature
uniformity of the surface of the ceramic articles 1n the kiln
in various locations. For example, the application of micro-
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wave energy to the kiln typically induces a thermal differ-
ence 1n the iterior of ceramic articles placed 1n different
locations 1n the kiln. Although attempts to equally apply the
energy sources cffecting the surface and interior of the
ceramic articles in different locations in the kiln (i.e. high
velocity, pulse fired burners; multi-mode waveguides and
stirrers), some non-uniformity must result and should be
accounted for in the acceptable thermal differential pro-
crammed 1nto the PLC.

As previously mentioned, the benefit of utilizing the
inventive control method, 1s that the firing cycle can be
reduced to the shortest practical time while still producing
crack-free ceramic, structures exhibiting uniform properties.

In a preferred embodiment, the actual control of heat or
energy source involves continuously measuring the ceramic
body core temperature, T, and the surface temperature T.
The amount of heat supplied to the interior of the kiln 1s
adjusted in response to the difference between the tempera-
ture differential calculated, and the maximum temperature
differential setpoint. If the measured temperature differential
1s less than the maximum temperature differential setpoint,
there 1s an increase of output from the heating source
resulting 1n an 1ncrease 1n the product surface temperature
relative to the interior piece temperature and vice versa. The
maximum temperature differential setpoint 1s programmed
into the PLC and PC combination that functions to adjust the
conventional heat accordingly.

It 1s within the knowledge of one skilled 1n the art to
predetermine the appropriate temperature differential
between the core and surface temperature of the piece to be
fired for the different temperature ranges, and thus the
resulting time-temperature profile maintained by the kiln,
necessary to fire the article to 1t’s sintering or soak tempera-
ture to thereby avoid cracking of the ceramic body, as well
as the formation of non-uniform properties. In other words,
maintaining the acceptable temperature differential indi-
rectly controls the heating rate that that the kiln will main-
tain. As previously discussed, factors including the ceramic
composition, mechanical and thermal properties, geometry
of the ceramic body, and capabilities of the kiln should be
considered 1n setting up the parameters of the firing process,
and thus the heating rate and corresponding, acceptable
temperatures differential setpoint sutficient to achieve a the
optimum {iring cycle that results in the aforementioned
sintered, crack and distortion-free, uniform property ceramic
article. For example, the firing cycle, including any sintering
or soak period, for a cylindrical thin-wall ceramic body
exhibiting a 7 in. length, a diameter of 3.866 1n. and
possessing a 2.0 mil cell wall thickness and 900 cell/in* and
comprising a predominantly cordierite phase involves sub-
jecting the ceramic article to the requisite amount of gas or
clectric heating 1n order to maintain the core-skin thermal
equilibrium, for a period not to exceed 75 hours.

Stated another way, the inventive method described
herein involves placing the ceramic body in a heating
apparatus comprising a heatable, thermally insulated kiln
apparatus and heating the body to an elevated core tempera-
ture and an elevated surface temperature by subjecting it to
an amount of heat energy. The amount of conventional heat
energy to which the body 1s subjected would be regulated to
raise the surface temperature of the body at a rate such that
difference between the elevated core and surface tempera-
tures does not exceed the atorementioned and predetermined
acceptable temperature differential.

Cordierite ceramic articles are disclosed here by way of
example, however it should be noted that the invention
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disclosed herein 1s acceptable for use with any composition
of ceramic article in addition to cordierite, including, but not
limited to aluminum titanate honeycomb ceramics, alumina
bricks, silica bricks, zirconia refractory bodies, high alumina
ceramic 1nsulators. In other words this inventive method of
control 1s suitable for any inorganic/ceramic bodies that
exhibit a temperature differential during the firing of the

bodies.

Detailed in TABLE I 1s a time-temperature profile
(surface and core temperatures and temperature differential)
for a heating cycle utilizing the inventive control method for
a standard cordierite body heated through a typical binder
burnout region. Table I also includes for comparison pur-
poses a time-temperature profile (same core temperature,
surface temperature and temperature differential) for a stan-
dard control firing process.

Between the surface temperatures of between 360° C. and
500° C. the cordierite body exhibits an exothermic reaction
due to organic burn out. The heat released at the surface of
the piece 1s easily removed and thus the skin of the piece
does not overheat. The heat released inside the piece 1s not
so casilly removed and the core of the piece typically
becomes hotter than the skin.

In the conventional firlng example, the skin temperature
1s represented 1n Table I as “T Skin 1n time/temp. firing” and
temperature differential i1s represented as “delta T process
variable in time/temp. firing”. In this comparative example,
the core becomes hotter than the skin at skin temperatures
between 410° C. and 460° C.; a situation that is likely to
result 1n cracks being produced 1n the sintered body. Crack-
ing 1s likely to result due to the fact that there i1s usually a
dimensional change during binder removal, resulting 1n
some part of the product being placed in tension. If the
tensile stress exceeds the strength of the part, a crack will
usually occur.

The 1nventive control method functions to maintain a
temperature differential i the piece that does not produce
thermal stresses higher than the ceramic body 1s capable of
withstanding. A maximum temperature differential (Tcore-
Tskin) is programmed as a set point, in this case ranging
from -20° C. to -10° C. The kiln has to maintain the skin
temperature from 10 C. to 20° C. above core temperature,
depending on where 1n the program the core temperature is.
In the case of a rapidly heating core, the kiln will increase
the heat input, the skin will be heated faster, and the skin will
be always hotter than the core with the value set in the recipe
as the difference. In this example, the surface temperature 1n
the inventive method of controlling the firing, 1s reported 1n

TABLE I under the heading: “T Skin adjusted for the delta
T firing”.

FIG. 2 1s an illustrated version of the data that 1s listed in
TABLE I. The temperature differential is controlled to this
figure, —10° C. By contrast, in a conventional firing, the

temperature differential becomes as large as +30, which
results 1in cracking of the ceramic body.

TABLE 1
delta T process

T Skin variable 1n

T Skin 1n adjusted  delta T, set time/temp.
time/temp. in delta T point firing

Time firing T Core firing Tcore-Tskin ~ Tcore-Tskin
Hrs. " C. " C. " C. " C. " C.
2.75 360 340 350 -10 -20
2.83 370 355 365 -10 -15
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TABLE I-continued

delta T process

T Skin variable 1n

T Skin 1n adjusted  delta T, set time/temp.
time/temp. in delta T point firing

Time firing T Core firing Tcore-Tskin ~ Tcore-Tskin
Hrs. " C. " C. " C. " C. " C.
2.92 380 368 378 -10 -12
3.00 390 380 390 -10 -10
3.08 400 395 405 -10 -5
3.17 410 410 420 -10 0
3.25 420 425 435 -10 5
3.33 430 446 456 -10 16
3.42 440 470 480 -10 30
3.50 450 4770 480 -10 20
3.58 460 460 470 -10 0
3.67 4770 465 475 -10 -5
3.75 480 4770 480 -10 -10
3.83 490 475 485 -10 -15
3.92 500 480 490 -10 -20

Detailled in TABLE II 1s a time-temperature profiile
(surface and core temperatures and temperature differential)
for a heating cycle utilizing the inventive control method for
a standard cordierite body heated through a temperature
region under which the cordierite body exhibits decompo-
sition of certain raw materials. Table II also includes for
comparison purposes a time-temperature profile (same core
temperature, surface temperature and temperature
differential) for a standard control firing process.

Between the surface temperatures of between the surface
temperatures of 880° C. and 980° C. the cordierite body
exhibits an endothermic reaction due to the decomposition
of the raw materials used 1n the composition. The heat
required by the reaction to take place 1s easily provided at
the skin of the piece; but the core of the piece does not
receive the amount of heat required by the endothermic
reaction and lags behind.

In the conventional method of heating control, the surface
temperature for the comparative example 1s reported in
TABLE II as: “T Skin 1in time/temp. firing”. The resulting
measured core-surface temperature differential, calculated,
as before, as Tcore—Tskin for the comparative example 1s
reported 1n TABLE II as “delta T process variable in
time/temp. firtng”. This comparative example 1s likely to
result 1n cracks being produced in the piece for the same
reason as explamned above for the exothermic region:

stresses are generated that exceed the strength of the part if
dimensional changes occur.

In order to maintain a temperature differential in the piece
that does not produce cracks the same method as described
for the exothermic region 1s used. The kiln 1s programmed
in such a way that instead of firing based on programmed
temperature vs. time, the kiln fires based on a temperature
differential setpoint. A temperature differential 1s pro-
crammed as a set point, in this case —20° C., requiring that
the kiln maintain the skin temperature 20° C. above core
temperature. The kiln will decrease the heat input, and the
skin will be heated more slowly, thereby maintaining the
temperature differential programmed as the set point.
TABLE II reports the surface temperature 1n this inventive
example as: “T Skin adjusted for the delta T firing.

FIG. 3 1s an 1llustrated version of the data that is listed 1n
TABLE 1.
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TABLE Il
delta T proc.
variable in
T Skin delta T, set  time/temp.

T Skin 1n adjusted point firing

time/temp. in delta T Tcore-Tskin  Tcore-Tskin
time firing T Core firing " C. " C.
6.92 360 340 860 -20 -20
7.00 870 850 870 -20 -20
7.08 380 360 880 -20 -20
7.17 890 864 884 -20 -26
7.25 900 868 888 -20 -32
7.33 910 867 887 -20 -43
7.42 920 860 886 -20 -54
7.50 930 865 885 -20 -65
7.58 940 875 895 -20 -65
7.67 950 895 915 -20 -55
7.75 960 920 940 -20 -40
7.83 970 940 960 -20 -30
7.92 980 960 980 -20 -20

The method described herein is particularly suitable for
use 1n the firing thinwall cellular ceramic bodies as well as
thick cross section ceramic articles. Firing as used herein
refers to a process of heating a ceramic article to a tempera-
ture to densify (sinter) a given ceramic and/or to complete
the conversion into the desired crystalline phase.

Although the aforementioned method 1s detailed 1n terms
of controlling a difference of temperature within one region
of a part and another, such as skin versus core, it 1s
contemplated that the method 1s equally suitable to a method
wherein the results of several pieces are averaged together.
However, this concept can be extended to a more general
kiln control method, simply by placing thermocouples in
various kiln locations, and specilying a temperature differ-
ential to be maintained between some combination of the
thermocouple set.

Furthermore 1t 1s contemplated that this method can apply
to any heating source, such as electric, gas fired, etc. As
mentioned above, 1t can also be applied to multiple heat
sources, such as microwave as 1s disclosed 1n the copending,
co-assigned application of J. H. Brennan, fitled “Hybrid
Method of Firing Ceramics™.

It should be understood that while the present invention
has been described 1n detail with respect to certain 1llustra-
five and specilic embodiments thereof, 1t should not be
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considered limited to such. It 1s contemplated that numerous
modifications are possible without departing from the broad
spirit and scope of the present invention as defined 1n the
appended claims.

We claim:

1. A method for firing a ceramic body comprising:

a) establishing a core-surface temperature differential
setpoint for the ceramic body:

b) placing the ceramic body in a heating apparatus com-
prising a heating source;
c) subjecting the ceramic body to a heating rate that

results 1n the ceramic body exhibiting an elevated core

temperature, Tc, and an elevated surface temperature,
Ts; and

d) controlling the elevated surface temperature, Ts, by
adjusting continuously the amount of heat energy sup-
plied to the interior of the heating apparatus from the
heating source 1n response to a measured temperature
difference between the elevated core temperature, Ic,
and the elevated surface temperature, Ts, being greater
than the core-surface temperature differential setpoint,
such that the measured temperature between the
clevated core temperature, Tc, and the elevated surface
temperature, Ts, 1s maintained to be less than or equal
to the core-surface temperature differential setpoint 1n
order to obtain a fired ceramic product exhibiting
substantially uniform properties, and 1s substantially
crack and distortion free.

2. The method according to claim 1 wherein the accept-
able temperature differential 1s maintained during at least a
portion of firing during which the ceramic body 1s exhibiting
endothermic or exothermic reactions and/or large dimen-
sional changes.

3. The method according to claim 1 wherein the heat
energy from the heating source 1s selected from the group
consisting of convective heat, conductive heat and radiant
heat.

4. The method according to claim 3 wherein the radiant
heat 1s selected from the group consisting of electric
resistance, microwave, gas heating, and combinations
thereof.

5. Amethod according to claim 1 wherein the core-surface
temperature differential setpoint varies throughout firing.
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